Purpose: The purpose of study is to solve the multi-modal transportation routing planning problem that aims to select an optimal route to move a consignment of goods from its origin to its destination through the multi-modal transportation network. And the optimization is from two viewpoints including cost and time.
The participants of multi-modal transportation organization include the MTO, customers (shippers and receivers) and carriers. The MTO takes responsibility for organizing and coordinating the carriers, and the carriers take responsibility for operating transshipping at nodes and moving goods by vehicles on route (Winebrake et al., 2008) . The MTO plans a transportation scheme by selecting suitable carriers. The cooperation of the carriers under the management of MTO forms the nodes and arcs to be an integrated transportation chain, by which the multi-modal transportation from the shipper to receiver will be accomplished finally.
Multi-modal transportation now grows significantly in the practice and its market share increases steadily. Thus its routing planning problem has been paid great attention in the research field (Sun, Lang & Wang, 2015) . Generally, this problem is addressed by two kinds of studies. The first kind of studies explored the empirical applications of multi-modal transportation routing planning in the specific cases, e.g., multi-modal transportation routing planning by Bookbinder and Fox (1998) for goods transportation from Canada to Mexico in the North American Free Trade Agreement area, and by Banomyong and Beresford (2001) for commodity export from Laos to the European Union. These studies usually calculate the transportation cost or time of each candidate route by using the empirical data, and then select the optimal one. In these studies, optimization models are usually not constructed.
While, the other kind of studies focused on the construction of the optimization models for the multi-modal transportation routing planning problem. Almost all these optimizations are based on cost control. Minimizing the total transportation cost is set as the objective of the models, especially in the single objective optimizations, e.g., Wang and Wang (2005) , Zhang and Guo (2002) , Zhang, Lin, Liang and Gao (2006) , Wang and Han (2010) , and Wang and Wang (2013) . In these studies, Zhang and Guo (2002) and Zhang et al. (2006) presented the basic frameworks for solving the multi-modal transportation routing planning problem, respectively, and provided solid foundation for the future studies. However, all these studies above did not take the transportation efficiency into consideration, and formulated the multi-modal transportation routing problem as one without time constraints.
Nowadays the customers' request for high efficient transportation service has been growing.
And the transportation efficiency relates directly to the application of many advanced manufacturing strategies, e.g., JIT (Just in Time) produce. How to improve the transportation efficiency becomes a new research emphasis, which promotes the development of the time-constraint multi-modal transportation routing planning. To address this kind of routing planning, many studies, e.g., Wang and Wang (2005) , Wang and Han (2010) , and Liu, He Song and Li (2011) , added the transit period of goods to the constraints, i.e., the total transportation time of the consignment of goods should not exceeds its transit period. On the basis of formulating the transit period of goods as a constraint, some studies consider minimizing the weighted linear combination of total transportation cost and total transportation time as the optimization objective, e.g., Fu (2013) , Yang (2013) , and Jiang and Lu (2008) , while others -1197-Journal of Industrial Engineering and Management -http://dx.doi.org/10.3926/jiem.1562 propose a single objective optimization model with time windows, e.g., Fan and Le (2011), Wang, Chi and Ge (2011a) , and Liu et al. (2011) . However, the solution of the first kind of method depends on the value of the weights distributed to the two objectives, and they are usually determined by the subjective experience of the researchers. The second kind of method only reflects the intention to lower the total transportation cost from the aspect of time. As a consequence, the two kinds of methods can hardly balance the benefit between lowering the transportation cost and shortening the transportation time, which cannot provide the MTOs and customers with reasonable decision support.
All the studies cited above have laid a solid foundation for the research in our study. Based on the analysis above, the rest sections of this study are organized as follows. In Section 2, a biobjective optimization model is proposed in this study. Minimizing the total transportation cost and the total transportation time are set as the optimization objectives. In Section 3, the Pareto optimality is utilized to solve the model by gaining its Pareto frontier. The Pareto frontier is generated by using the normalized normal constraint method. The MTO and customers can make better decision based on the various feasible transportation schemes provided by the Pareto frontier. In Section 4, an experimental case is designed to verify the feasibility of the bi-objective optimization model and Pareto optimality by using the mathematical programming software Lingo. Then, in this section, the Pareto frontier based sensitivity analysis of the demand and supply in the multi-modal transportation organization are performed based on the experimental case. The sensitivity analysis indicates the influence of the variation of the demand and supply on the multi-modal transportation organization clearly. Finally, the conclusions of this study are drawn in Section 5.
Modelling of the Bi-objective Optimization

Problem Description
The consignment of goods has determined and known origin and destination as well as volume and transit period. The multi-modal transportation routing planning aims to select an optimal route to move the consignment of goods from its origin to its destination through the multimodal transportation network, and meanwhile balance the benefit between the following two objectives.
1.
Minimize the total transportation cost to satisfy the request for improving the transportation economy.
2.
Minimize the total transportation time to satisfy the request for improving the transportation quality and efficiency.
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1. Transportation between two conjoint nodes should use only one arc by one transportation mode.
2. If there is a need for transshipping, the transshipping times of the consignment of goods at a node should not exceed once.
3. The times that the consignment of goods is transported across a node should not exceed once. 
Bi-objective Optimization Model
OBJ 1:
(1)
Subject to:
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(8)
(10)
(12)
In Equation (1), the first part is the transportation cost on route, and the second part is the transshipping cost at the nodes. Their summation is the total transportation cost of the consignment of goods. In Equation (2), the first part is the transportation time on route, and the second part is the transshipping time at the nodes. Their summation is the total transportation time of the consignment of goods.
Constraint (3) is the flow equilibrium constraint for each node (Sun & Chen, 2013) . Constraint (4) ensures the consignment of goods will not be transported by splitting into several sub consignments. Constraint (5) ensures the transshipping times at a node will not exceed once.
Constraint (5) means the times that the consignment of goods is transported across a node
should not exceed once. Constraints (6, 7) indicate the relationship between the two decision variables: if there is a transshipping at a node, two arcs linking it and its conjoint nodes must be covered in the transportation route; otherwise, these two arcs should not be covered.
Constraint (8) means the total transportation time should not exceed the transit period of goods. Constraints (9, 10) ensure the volume of the consignment of goods will not exceed the transportation capacity of the selected arcs and the transshipping capacity of the selected nodes, respectively. Constraints (11, 12) represent the variable domain constraints. Constraint (13) means there is no transshipping at the origin node and destination node.
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Pareto Optimality for the Bi-objective Optimization
Obviously, the bi-objective optimization model proposed in this study is based on multi-criteria.
In most cases, the two objectives are conflicting, which means the two objectives can hardly research their respective optimization at the same time. Therefore, How to balance the benefit of the two objectives is the key point to gain the feasible optimal solutions to the model.
Contrary to the traditional solving approaches, such as weighted sum method that combines the different objectives linearly (Grosan & Abraham, 2010; Casetelletti, Pianosi & Restelli, 2013) or the lexicographic goal programming method that grants the objectives different priorities (Tamiz, Jones & Romero, 1998) , Pareto optimality can provide the MTO and customers with an evenly distributed optimal solution set called "Pareto frontier" (Wang, Lai & Shi, 2011b) . The MTO can select a suitable Pareto solution as the transportation scheme conveniently according to the Pareto frontier. Therefore, we aim to gain the Pareto frontier of the bi-objective optimization model. In this study, the Pareto frontier is gained by using the "normalized normal constraint method" (see in Figure 1 ) proposed by Messac, Ismail-Yahaya and Mattson (2003) . The process of generating the Pareto frontier of the model is presented in detail as follows.
First the optimal values of the two objectives denoted by and can be gained by solving the single objective optimization model with formulas (1, 3-13) and the other one with Formulas (2-13), respectively. Using and to represent the respective optimal solutions of the two single objective optimization models, the value of OBJ2 in the first model is , and the value of OBJ1 in the second model is .
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In order to avoid the effect of the difference in the data scale and unit, the vector should be normalized by Equation (14). (14) After normalization, the two vectors and will be converted to (0, 1) After setting the step between two adjacent Utopia line points, the coordinate of a Utopia line point can be gained by Equation (15).
Where λ 1u = u · δ and λ 2u = 1 -u · δ for u{0, 1, ..., n p -1}. Obviously, the Utopia line points are distributed evenly. Table 1 .
Transportation Mode Speed
Railway 65
Highway 85
Waterway 25 The railway and highway container transportation cost on route is calculated by Equation (17).
Where c m1 and c m2 are the unit transportation cost relevant to the volume of the consignment of goods and the turnover of the consignment of goods, respectively.
The value of the transportation cost parameters of the two transportation modes are presented as shown in Table 2 The waterway transportation cost is calculated by Equation (18).
Where c W is the unit variable cost relevant to the volume of the consignment of goods. In the inland waterway transportation of China, c W = 300 CNY/TEU. and can be calculated by using the average unit transshipping cost (unit: CNY/TEU) and time (unit: h/TEU) between the transportation modes that are shown in Table 3 . 
Experimental Case Design
In this study, we design a 35-node multi-modal transportation network as shown in Figure 4 .
The topological structure of the multi-modal transportation network is modified from the study of Xiong and Wang (2014) . The distances (unit: km) and capacities (unit: TEU) in the network are generated randomly according to the ranges based on real-world transportation and the corresponding transportation modes. The transportation distance and capacity of each arc in the multi-modal transportation network are presented in Table 4 . The transshipping capacity of each node in the multi-modal transportation network is shown in 
Pareto Frontier of the Bi-objective Optimization Model
Then the case above is utilized to verify the feasibility of the proposed model and Pareto optimality. In this case, the transit period of goods is set to 60h (2.5 days). The containers carrying the consignment of goods are all 20ft ones and their number is 30 that is within the capacity of all the arcs and nodes. Then we will focus on the sensitivity analysis of the variation of the two factors by modifying them within a range. In the Pareto optimality, the number of Pareto solution is set to 13.
The bi-objective mixed integer linear programming model can be easily solved by mathematical programming software Lingo. Therefore, we use Lingo 11 to solve the bi objective optimization model based on Pareto optimality. The Pareto frontier of the bi-objective optimization model can be gained by connecting the coordinate points (z 1i , z 2i ) (i = 1, 2, …, 13) in the Table 6 . The Pareto frontier is shown in Figure 5 .
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In addition, the Pareto frontier clearly indicates that an efficient multi-modal transportation will lead to the increase of the transportation cost, which corresponds with our perception towards the practice. The main reason is that the three kinds of transportation modes have different economical transportation distances related to the cost and transportation speeds related to the efficiency. For example, due to the fast speed and high transportation flexibility, the transportation efficiency of the highway is better than that of the railway. However, in long distance transportation, the transportation cost of the highway is much higher than that of the railway. This is the most important reason why multi-modal transportation will replace the traditional uni-modal transportation in the freight market.
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Sensitivity Analysis of the Demand and Supply
The relationship between the demand and supply is the key point for the MTO to organize the multi-modal transportation and for the customer to select a MTO reasonably. Using the sensitivity analysis based on the Pareto frontier, the influence of the variation of the demand and supply can be clearly illustrated. In the following sensitivity analysis, NoC, TPoG and CoN are short for the number of containers, the transit period of goods and the capacity of the multi-modal transportation network, respectively.
Sensitivity Analysis of the Demand
The demand Figure 7 illustrates that with the decrease of the transit period of goods, the range of the Pareto frontier becomes small, which means the MTO's plan of the transportation schemes is sensitive to the transit period of goods. The longer the transit period of goods is, the greater difference among different transportation schemes will be. The MTO can provide more flexible transportation schemes to serve a customer whose transit period of goods is longer.
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Sensitivity Analysis of the Supply
The capacity of the entire multi-modal transportation reflects the supply of the MTO. Using the CoN shown in Table 4 and Table 5 as the primary data, we keeping NoC and TPoG constant (NoC = 40, TpoG = 60), and modify the CoN by increasing 20% and 40%, and gain a set of Pareto frontiers shown in Figure 8 . for a customer to select the one owning larger supplying capacity.
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Conclusions
This study proposes a bi-objective optimization model to optimize the multi-modal transportation routing planning problem. Following contents are covered in it: (1) Minimizing the total transportation cost and total transportation time are set as the optimization objectives; (2) To balance the benefit between the two objectives, normalized normal constraint method is utilized to gain the Pareto frontier of the multi-modal transportation routing planning problem; (3) The influence of the variation of the demand and supply on the multi-modal transportation routing planning is gained by the Pareto frontier based sensitivity analysis; (4) The feasibility of the proposed model is verified and the sensitivity analysis is conducted by using a 35-node multi-modal transportation network to perform the numerical experiment.
The main contributions of this study are embodies in two aspects. First, we apply the normalized normal constraint method to gain the Pareto frontier of the bi-objective optimization for the multi-modal transportation routing planning problem. In this case, the multi-modal transportation routing planning scheme is a set that contains many candidate routes with different transportation cost and time, which can provide great flexibility for MTOs and customers to make decisions in this regard when considering various situations. Second, the Pareto frontier based sensitivity analysis is conducted, in which the influence of the variation of the demand and supply on the multi-modal transportation routing planning is gained. Through the sensitivity analysis, on one hand, MTOs and customers can better realize the dynamic multi-modal transportation market, on the other hand, the variation tendencies indicated by Figure 6 to Figure 8 can help MTOs and customers make decisions and modify strategies when planning the multi-modal transportation organization.
Although several advances have been made by this study, weaknesses still exist. First, the optimization object of this study is single consignment of goods. Actually, there may exist multiple consignments of goods in the multi-modal transportation network that need to be transported. And these goods have different origins, destinations, volumes and transit periods.
So how to plan multi-modal transportation routes for multiple consignments of goods will be considered. Moreover, we assume the speed of the highway transportation as a constant. While actually, this assumption is hard to guarantee in the practice, because the highway transportation speed is influenced by many factors, such as congestions, weathers and facilities, and is hence a variable. Additionally, due to the environmental issue tends to be serious and the energy consumed and pollution generated in the transportation increase yearly, green multi-modal transportation organization is very necessary in the future and hence has high research significance. In this problem, how to balance the benefit between the transportation cost and the carbon emissions is an important issue. Therefore, further research is required.
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